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1 .  

I. THE INTERPLANETARY MEDIUM 
4 

4 

The suggestion that the sun continuously emits corpuscular 
r ad ia t ion  (the "solar wind") w a s  made by Biermann 1 as an expla- 

na t ion  of t he  f a c t  that gaseous comet t a i l s  tend t o  t r a i l  d i r e c t l y  

away from the  sun. It had been known for many years that  mag- 

n e t i c  storms must be the r e s u l t  of i s o l a t e d  b u r s t s  of corpuscular 

rad ia t ion ,  and the  f a c t  that  some aurora and geomagnetic d i s t u r -  

ance always occurs a t  high l a t i t u d e s  may be considered as ad- 

d i t i o n a l  evidence that t h e  r ad ia t ion  i s  continuous. 

suggestion was taken up by Parker 

Biermann's 

who examined the dynamics of 
2 

the so la r  wind and showed tha t  i t  may be considered as a hydro- 

dynamic expansion of the so la r  corona and a d i r e c t  consequence 

of supplying heat t o  maintain the  corona a t  i t s  observed tempera- 

t u r e .  

corona as suggested by Chapman . 
There i s  ce r t a in ly  no p o s s i b i l i t y  that  sun has a s t a t i c  

3 

Early est imates  of the  densfty and speed of the so lar  wind 

were understandably r a t h e r  var iable .  

evidence from space probes 

However we now have d i r e c t  
4 

which confirms the  exis tence of the 

solar wind and shows i t s  flux t o  be of the order  of 

1 0  -10 cm sec during r e l a t i v e l y  quie t  periods,  r i s i n g  t o  

1 0  cm sec during magnetic Storms. The s o l a r  winds speeds 

range from 300-800 km sec  

cm 

8 9 -2 -1 

10 -2 -1 

-1 
and the  d e n s i t i e s  are  5-10 protons 

-3 
j the  motion i s  apparently supersonic w i t h  a Mach number of 

-5. There i s  no d i r e c t  t h a t  the  s o l a r  wind moves o the r  

than r a d i a l l y  from the  sun. The solar magnetic f i e l d  i s  r e l a t i v e l y  

weak, being w 5 y  a t  1 a.u. during qu ie t  periods,  and -507' during 

magnetic storms 
5 . A s  a consequence of s o l a r  r o t a t i o n  and the 
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radial motion of the solar wind the solar magnetic field lines 

take the form of a spiral, and may be considered as rotating 

rigidly with the sun. The latter effect causes an anisotropy in 

the cosmic radiation which provides a means of determining the 

solar wind speed without having recourse to space probes . 6 

Sudden heating due to a flare on the sun must enhance the 

expansion of the corona, and result in the formation of an out- 

wards -- moving shock wave in the interplanetary medium ( 2 , l O ) .  

The shock wave, together with the associated increase in solar 

wind speed and density, produces a magnetic storm as it interacts 

with the geomagnetic field, Localized enhancements of the solar 

wind may occur due to "hot s p o t s "  in the corona; lthese may perslst 

for several solar rotations and are believed to cause magnetic 

storms which repeat over a 27 day period (44). 
of such a region of enhanced solar wind must form a shock wave 

on interacting with the normal solar wind, and it is easy to see 

that the shape of the shock wave must be a spiral making a slightly 

smaller angle with the radial direction than the solar magnetic 

field lines. This shock wave ensures that the resulting magnetic 

storm has a sudden commencement, as do the storms associated 

with transient heating of the corona. Its curved shape causes 

the storms to occur some days after central meridian passage of 

the "hot spot" around the sun. 

The leading edge 



11. THE MAGNETOSPHERE 

7 

A. Cavity Formation 

The magnetohydrodynamic concept according t o  which 

magnetic field lines are "frozen" into a perfectly conducting 

fluid, makes it apparent that the geomagnetic field must produce 

a cavity in the solar wind--the whole of this cavity down to 

an altitude of about 100 km., forms the earth's magnetosphere. 
I 

Clearly it is an impor+,ant prerequisite to an understanding of 

magnetospheric phenomena that we should know as much as possible 

about the shape and structure of the cavity. This is not easy 

however, as cavitation problems in fluid dynamics are notoriously 

difficult, but we can make some theoretical predictions, and direct 

observations from space probes are now beginning to add consider- 

ably  to our knowledge. 

A few solutions to cavitation problems in magnetohydrodynamics 

are known; these concern incompressible flow of perfectly con- 

ducting inviscid fluid in two dimensions. The cavities produced 

a s  a result of uniform f l o w  past a two-dimensional magnetic I .  

dipole and a line current are shown in figure (1). At the boundary 

of such cavities the normal pressure (fluid plus magnetic) must 

7 8 

be continuous. It should be noted that in each case the pattern 

is symmetrical and the direction of flow therefore reversible-- 

this is a consequence of the neglect of dissipative effects. 

However, in the case of the magnetosphere even if dissipative 

effects at the boundary are ignore&, we still have to contend 

with the three-dimensional nature of the problem and the fact that 
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? the  solar  wind i s ;  highly supersonic. 

B. Shock Waves 

It i s  necessary t o  consider the  s o l a r  plasma as a continuum 

r a t h e r  than a 'free molecular' o r  'Newtonian' flow i n  i t s  i n t e r -  

ac t ion  w i t h  the magnetosphere s ince  c o l l e c t i v e  motions such as 

plasma o s c i l l a t i o n s  and magnetohydrodynamic waves can occur 

w i t h  wavelengths much smaller than the  typ ica l  length s c a l e  in-  

volved ( that  is, about 10  km). Thus s ince  the  so l a r  wind i s  

supersonic, some form of shock wave must be produced on the  up- 
9 

stream side of the  magnetosphere . T h i s  reduces the bulk ve loc i ty  

of the plasma t o  a low subsonic value near  the  forward s tagnat ion 

point  and permits the  plasma t o  f low around the  magnetoephere. 

The motion of the plasma eventually becomes supersonic once again 

on the flanks of t h e  magnetosphere, although the  f r e e  stream con- 

d i t i o n s  may not be regained. It should be noted that  the  shock 

wave i s  an i r r e v e r s i b l e  phenomenon and hence the  magnet,osphere 

can be expected t o  be nonsymmetrical even i f  a11 o the r  dissipa- 

t i v e  processes are neglected. 

5 

T h i s  shock wave and a l s o  t he  shock wave which i s  believed t o  
10 

cause the sudden commencement of a magnetic storm must be of 

the type known as "col l i s ion  free".  

has been allowed t o  come i n t o  common usage as i t  i s  r a t h e r  mis- 

leading. I n  an ordinary non-ionized gas t h e  c o l l i s i o n  frequenay 

of molecules and the  highest possible  frequency of a sound wave 

are e s s e n t i a l l y  the  same -- thus the  steepening of a compressive 

pulse i s  halted when i t s  width becomes comparable t o  t h e  mean 

free path. In a plasma, however, one tends t o  equate t h e  mean 

It i s  unfortunate t h i s  term 



of t he  region of magnetic f i e l d  run between two neu t r a l  po in ts  

(N , N ) which are i n  tu rn  connected by a s i n g l e  f i e l d  l i n e  t o  
n s  

5. 

f r e e  path t o  the  d is tance  a p a r t i c l e  must t r a v e l  i n  quiescent 

plasma before  i t s  momentum i s  s i g n i f i c a n t l y  a l t e r e d ,  whereas 

s o w d  waves do not become heavily a t tenuated  u n t i l  t h e  product 

of the i r  frequency and the  e lec t ron  - i o n  c o l l i s i o n  frequency 

becomes comparable t o  t h e  product of t h e  e l ec t ron  and ion gyro- 

frequencies.  Thus a compressive pulse i n  a plasma can steepen 

u n t i l  i t s  width i s  much l e s s  than the  mean free path, although 

thermal equilibrium may not be  res tored  unt i l  t he  plasma has 

moved through the  l a t t e r  distance.  The processes underlying 

shock waves i n  a plasma a r e  by no means understood, however i t  

i s  usua l ly  considered that non-linear i n t e r a c t i o n s  of waves pro- 

duced by i n s t a b i l i t i e s  cause the  required randomization of par- 

t i c l e  motions . The shock s t r u c t u r e  and t h e  region downstream 

should therefore  appear t o  be highly turbulen t  and b u r s t s  of 

11 

supra-thermal p a r t i c l e s  may occur. 

C. Theoretical  Discussion o f  t he  S t ruc tu re  of the Magnetosphere 

It i s  general ly  agreed that t h e  magnetosphere must have a 

more o r  l e s s  t e a r  drop shape as ind ica ted  i n  f i g u r e  (2), -- the 
12 13 - 

f i r s t  t o  suggest t h i s  being Johnson and Piddington . However, 

i t  i s  not always r ea l i zed  that  such a magnetosphere i s  l i k e l y  t o  

have e s s e n t i a l l y  the  same topological f ea tu re s  as  t h e  ea r ly  model 

of Chapman and Fer raro  
14 

which made use of an image d i p o l e  t o  

d i s t o r t  the  geomagnetic f i e l d  i n t o  an i n f i n i t e  half-space. De- 

t a i l s  of the  Chapman-Ferraro model are shown i n  f i g u r e  ( 3 ) .  

main f ea tu res  t o  no t i ce  a r e  that a l l  f i e l d  l i n e s  on the  sur face  

The 
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points  (M , M ) a t  high l a t i t u d e s  on the c e n t r a l  (noon) meridian 

of the earth. F ie ld  l i n e s  which i n t e r c e p t  the  earth a t  higher 

l a t i t u d e s  than M , and M a r e  shown shaded -- these c o n s t i t u t e  

the geomagnetic "tail." The low l a t i t u d e  f i e l d  l i n e s  (unshaded 

region)  form a donut around the earth and are  completely enclosed 

n s  

n S 

by the f i e l d  l i n e s  forming the t a i l ,  Obviously a uniform s o l a r  

wind must cause the magnetosphere t o  take up a shape more o r  less 

as sketched i n  the f i g u r e  ( 2 ) .  However, t h i s  d i s t o r t i o n  i s  not  

l i k e l y  t o  change the topology of the magnetic f i e l d  from that  of 

the  Chapman-Ferraro model. In particular,  a l l  the features de- 

scr ibed above should be retained and thus w e  have labeled and 

shaded the various diagrams i n  a similar manner t o  make this 

apparent.  It i s  in t e re s t ing  t o  note  t ha t  Hones has recent ly  
15 

produced a more sophis t icated vers ion of the Chapman-Ferraro model 

using parallel  unequal dipoles so  that  the f i e l d  of t he  s t ronger  

d ipole  completely encloses that  of the  weaker, which i s  taken t o  

be the geomagnetic f fe ld ;  not surpr i s ing ly ,  t h i s  model a l s o  re- 

t a i n s  a l l  the topological fea tures  of the simple image dipole  

model . 
Exact detai ls  of t he  s t ruc tu re  and dimensions of the  magneto- 

sphere cannot be given as these must take proper account of the 

flow of s o l a r  plasma around the magnetosphere and th i s  cannot 

b e  done w i t h  present methods. However, t h i s  i s  no t  a great dis-  

advantage as one can eas i ly  made rough estimates of several  key 

dimensions of the magnetosphere. It i s  known from hypersonic 

flow theory that  the pressure a t  the s tagnat ion point  0 i s  
16 

I 

approximately 
2 

P =  KnmV , 
S 
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c where n is the number density of protons in the solar wind, m is 

the mass of a proton, V 

ical factor which is almost unity. 

the speed of the solar wind, and K a numer- 
S 

This must equal the magnetic 

pressure at the boundary of the magnetosphere (if we neglect the 

interplanetary magnetic field and the pressure of magnetospheric 

gas), which according t o  the image dipole model is H /27rR , 
where H 

and R 

R is the m d i m  of the earth, 

2 6 

e 0 
is the magnetic field strength at the equator of the earth 

Thus if 
e 
is the geocentric distance t o  the stagnation point. 

0 

e 2 1/6 
l / 3  

(2 ) R /R N, H / (27- KnmV ) 
o e  e S 

-3 
Taking H = O,32 gauss, V = 300 km/sec and n=10 cm , it is found 

e S 
that R = 1OR , The value 

the surface of the magnetosphere 

than flat. 

0 e 
of R is increased slightly if 

0 

is taken to be hemispherical rather 

For reasons which are not  entirely understood, 

mation t o  the solar wind pressure at not t o o  great a 

the stagnation point is given by 
2 2 

p = Knmv Cos 8, 
S 

a fair approxi- 

distance from 

where cos 8 is the angle between the solar wind direction and the 

normal t o  the surface of the magnetosphere, 

ation is the same as for f l o w  past a circular cavity shown in 

figure (1) and we are therefore led t o  expect that the surface 

field line N is approximately a circular arc, although it 

should be remembered that the accuracy of ( 3 )  falls away rapidly as 

cos 8 diminishes. The geocentric distance (R ) t o  the boundary in the 

This pressure vari- 

ON 
n S 

1 



equator ia l  plane perpendicular t o  t h e  sun-earth d i r e c t i o n  must 

be somewhat g rea t e r  than R 

the  s tagnat ion  point  value because the s o l a r  plasma acce lera tes  

s ince the  pressure i s  de.creased from 
0 

as  it  passes around the  magnetosphere and i s  probably supersonic 

a t  this point;  Har*rison suggests 
17 

1 0 

A rough est imate  of the l a t i t u d e  ( A  ),\of t h e  points  M and 
M n 

M can be obtained from the  r e l a t ionsh ip  
S 

2 
K '  R COS h . .  = R 9 

0 M e 

where K' l i e s  between 1 and 2. Taking K' = 2 then A = 77' 

when R = LOR 

pected according t o  the  s o l a r  wind pressure.  Since a l l  f i e l d  

M 
and a var ia t ion  between 70' and 80" can be ex- 

0 e 

l i n e s  in t e r sec t ing  the  ear th  a t  l a t i t u d e s  g r e a t e r  than A must 

form the  geomagnetic t a i l ,  then i f  A 

must extend t o  60 R 

average width of t h e  magnetosphere t o  be 20 R 

f i e l d  s t rength  i n  the  t a i l  t o  be 3 0 ~ .  This assumes that the  

M 
i s  as small as 70' t h e  t a i l  

M 
i n  the a n t i s o l a r  direct ion,  assuming t h e  

agd the  average 
e 

e 

component of t he  magnetic f i e l d  perpendicular t o  t h e  equator ia l  

plane i s  3Oy, however i t  i s  poss ib le  that  the  t a i l  could be much 

l o n g e r  if t h e  f i e l d  l i n e s  l i e  mastly parallel t a : t h e  equator ia l  

plane; if so, the t a i l  could be as much as 20 R i n  radius  i f  
e 

the f i e l d  i s  20y and y has the  more modest value of 7 5 O .  
M 

A number of workers have calculated the  approximate shape 

of t he  magnetosphere assuming a Newtonian s o l a r  wind w i t h  specular  
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r e f l e c t i o n  of p a r t i c l e s  incident on the sur face  (18,l-g). I n  

t h i s  case ( 3 )  holds everywhere and K i s  taken t o  be 2. 

of the  magnetosphere appears t o  be r a t h e r  i n s e n s i t i v e  t o  the 

physical na ture  of the ex te r io r  wind, and t h e  r e s u l t s  of such cal-  

cu la t ions  ( i f  done cor rec t ly  ( 2 0 ) )  a r e  not s u b s t a n t i a l l y  d i f f e r e n t  

from what has been described above, apart from the discrepancy 

i n  K. I n  para t icu lar  one does not expect any s i g n i f i c a n t  devia t ion  

from the  topological fea tures  exhibi ted by the  Chapman-Ferraro 

model . 

The shape 

The questllon of whether o r  not t h e  magnetosphere i s  stable 

i s  of some s ignif icance.  Analyses based on the  assumption of 

specular  reflectiorz of so la r  wind p a r t i c l e s  suggest that  the 

sur face  i s  unstable  i n  the  Helmholtz manner (21,22). However 

the  equivalent continuum solut ion (23)  suggests that  the sur face  

could be s t a b l e  when the  r e l a t i v e  ve loc i ty  i s  s u f f i c i e n t l y  low. 

Dessler (26)  has argued t h a t  t he  sur face  i s  stable on t h e  basis 

of  the steadlriess of low-latitude magnetograms during magnetically 

qu ie t  periods when the so la r  wind i s  presumed t o  be r e l a t i v e l y  

steady. However the re  i s  no good reason f o r  bel ieving that t h e  

a f f e c t s  of any i n s t a b i l i t y  would be not icable  a t  low l a t i t u d e s ,  

while i t  i s  known that high-1atiGude magnetograms show contin- 

uous disturbance a t  a l l  times. Since the  r e l a t i v e  v e l o c i t y  of 

t h e  so la r  wind and the  surface of the  magnetosphere i s  g r e a t e s t  

on the afternoon s ide  o f  the magnetosphere (see f i g u r e  ( g ) ) ,  

one would expect i n s t a b i l i t y  t o  occur i n  t h i s  region i f  anywhere. 

The i n s t a b i l i t y  would b e  observable only as a waviness of t he  
surface of t he  magnetosphere s ince  any small s c a l e  (1 spray" would 



probably be ind is t inguishable  from the  in te rp lane tary  medium,,, 

RayleighwTaylor i n s t a b i l i t y  due to t he  acce lera t ion  of the  sur- 

face of the uii:l;:&osphere during a magnetic s torm sudden com- 

menceinel::> m.3;' a l so  occur ( g ) ,  however i t  would be short- l ived 

and very c7,?.f'f7-c7At to observe d i r ec t ly .  

Do 0Sse:~~tLons 1- of t he  Shape of the  Magnetosphere. 

Space p,-oSe observations a r e  now beginning t o  confirm t h e  

general  pl.c"Jure of the  magnetosphere which has been out l ined 

here ,  T3xz3e i s  unfortunately very l i t t l e  information about t he  

s t a t e  of the geomagnetic t a i l ,  however a good deal i s  known about 

the  magnetic f i e l d  s t ruc tu re  on the  sunwards s i d e  of t he  magneto- 

sphere 

The e a z l i e s t  suggestions of the  occurrence of a region of 

turbulent  plasma lying between the  surface of the  magnetosphere 

and the  standing shock wave produced by the  solar wind came from 

Pioneer I , and Pioneer IV . The Geiger counter record from 

Pioneer IV shows what i s  apparently trapped r ad ia t ion  out t o  about 

60,000 km. i n  t he  sunwards direct ion,  a region of f luc tua t ing  

counting r a t e  between 60,000 km. and 90,000 km., and a steady 

count beyond 90,000 km. ( f igure ( 4 ) ) .  We i n t e r p r e t  the  counts 

i n  the  intermediate  region as being due t o  bremsstrahlung from 

e lec t rons  w i t h  energies of the order of tens  of kev. produced 

by random e l e c t r i c  f i e l d s  i n  t he  turbulent  plasma behind the  stand- 

ing  shock wave. 

the cosmic ray background. The magnetometer on Pioneer I showed 

25 26 

The steady count beyond 90,000 km. i s  apparent ly  

sfmflar ef fec ts ,  although the record i s  not  continuous - the 
por t ion  of t he  record taken a t  12.6 R shows the  s t rong Eluc tua t iom 

e 



c h a r a c t e r i s t i c  of the  turbulence behind the  shock wave while the 

record a t  14.8 R 

one would a s soc ia t e  with undisturbed solar wind ( f igu re  (5)) .  

More recent ly ,  observations f r o m  Explorer X I 1  have shown 

shows a much smaller  and q u i e t e r  f i e l d  which 
e 

the  sur face  of t he  magnetosphere t o  be q u i t e  well-defined, i n  

terms of both the  magnetic f i e l d  and trapped e l ec t rons  

( f igu re  (6) ) .  A remarkable f e a t w e  of t he  magnetic measurements 

27 28 

i s  tha t  t h e  magnetic f i e l d  tends 50 r e v e x e  i t s  d i r e c t i o n  a t  t h e  

magnetospheric boundary - no s a t i u f a c t o q  explanation of t h i s  

e f f e c t  has yet  been proposed, These r e s u i t s  have been extended 

by Explorer XIV , t he  o r b i t  of which makes much g r e a t e r  angles  
29 

w i t h  the sun - e a r t h  l i n e  than Explorer  XPI,  

e l ec t ron  flux measurements ( f o r  energies & 40 kev. ) i s  given i n  

f i g u r e  (7). Note that  the magnetosphere i s  indeed wider perpen- 

d i c u l a r  t o  t h e  sun-earth l i n e  i n  tne equatoTia1 plane than i t  i s  

A summary of t h e  

i n  the  sun-earth d i rec t ion .  Also t h e  e lec t ron  flux appears t o  

be low i n  the  i n t e r i o r  of the geomagnetic t a i l ,  and increases  

towards the  surface. I n  the low-lati tude region, t he  l i n e s  of 

constant f lux are  somewhat asymmetric w i t h  respec t  t o  day and 

n ight  , and a rap id  decrease o f  f lux  occurs on the  midnight meridian 

a t  about 7 R which i s  r a the r  c lose r  than the  boundary of t he  

magnetosphere on the noan meridian ( - 1 0  R ) o  T h i s  e f f e c t ,  which 

was observed e a r l i e r  a t  low a l t i t u d e s  by Injun I , may be due 

p a r t l y  t o  the  asymmetry of the  magnetic f i e l d ,  and p a r t l y  t o  t h e  

e 

e 30 

e f f e c t  of e l e c t r i c  f i e l d s  whfch d r ive  the  p a r t i c l e s  towards lower 

l a t i t u d e s ,  as  w i l l  be explained i n  a l a t e r  sec t ion ,  
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The bouzdary of the magnetosphere was f i rs t  observed by 

Explorer X, which passed through it a t  a d is tance  of about 40 R 

on the doimstream flank of the magxtosphePe w e l l  below the equa- 

t o r i a l  plane S. Within the boundary the magnetic f i e l d  

e 

31,32 

was observed t o  be r e l a t i v e l y  steady, while outs ide it was weaker 

and higbly d h t u r b e d ,  and a supersonic f l o w  of plasma (presumably 

the  solar wind) always appeared. The boundary moved across  the 

t r a j e c t o r y  of the satel l l . te  several. t L m e s ,  possibly as a r e s u l t  

of changes i.n the solar. wirld9 or a1~ernd:tively as a r e s u l t  of 

a large scale waviness or' $he tIozndasy. A s t r i .k ing  feature of 

t he  Explorer X observations fs t h z S  t h e  geomagnetic f i e l d  a t  

great dis tances  from the earb's!. 4 s  d-lmost radial ,  and that there 

was no s ign  of the magrietosphe:2e c?lor;fng on i t s e l f .  The geomag- 

n e t i c  t a i l  m u s t  therefore be very extensive,  and there i s  a l i k e l i -  

hood of interesting effects taking place m a r  the equator ia l  plane 

i n  the ta3.1 region, which may a l m o s t  be a magnetically n u l l  sur- 

face. 

The r e s u l t s  obtained from Russian space probes are  on the 
33 

whole disappointing. Grfngauz and his colleagues have reported 

the exis tence of a ' t h i r d  rad ia t i s r l  b e l t '  which may be connected 

w i t h  the turbulen t  region between the magnetospheric boundary and 

the standfng shock wave, however t h e  concurrent magnetic measure- 

ments d i d  not  make th i s  c lear .  There i s  one p a r t i c u l a r l y  i n t e r e s t -  

ing feature of the current t r a p  measurements , namely- t M t  ah ,  
34 

'edge' occurs in the low er,ergy ma3erfal ( the whist ler  medium) 

a t  a d is tance  of about 4 R (see f igu re  (8)). The exis tence of 

a 'knee' i n  the rnagnetospher5.c ion iza t ion  densi ty  prof i l 'e  has 
e 



35 a l s o  been deduced from whist ler  measurements by Carpenter 

who suggests tha t  i t  exisps a t  a l l  times, and tends t o  move in-  
, 

wards towards the  e a r t h  w i t h  increasing magnetic a c t i v i t y ,  

The question of t h e  s t a b i l i t y  of t h e  sur face  of the magneto- 
36 

sphere i s  not e n t i r e l y  resolved, although as Dessler 

out, t h e  well-defined ?edge1 observed by Explorers XI1 and XIV 

suggests that small s c a l e  i n s t a b i l i t i e s  do not  occur on the sun- 

has pointed 

wards s i d e  of t h e  magnetosphere. However t h e  poss ib le  waviness 

of t h e  boundary on two afternoon flank of the magnetosphere, ob- 

served by Explorer X may be due t o  a form of &lmholtbz i n s t a b i l i t y ,  

and one w w l d  expect t h i s  t o  be even more pronounced f u r t h e r  down- 

stream. 



111, MOTIONS I N  THX MAGNETOSPHERE 

A ,  Theoretical  Aspects 

It i s  a most s ign i f i can t  f e a t u r e  o f  the  magnetosphere 

t ha t  t h e  energy densi ty  of the gas i t  contains i s  usua l ly  every- 

where much l e s s  than t h e  energy densi ty  of the magnetic f i e l d ,  

thus the  magnetic f i e l d  dominates t h e  rriechanics of t h e  i n t e r i o r  

of the  magnetosphere. That i s ,  t he  magnetosphere has a shape 

determined by the s o l a r  wind and fhe a t t i t u d e  of t he  e a r t h  rela- 

t i v e  t o  t h e  sunj and pramidea %. so rb  of magnetic franework which 

i s  l a r g e l y  xnaffected by .Entemzl pi"acesses, In Pact t h i s  i s  not 

always exact ly  t t n e  as the gas pressure is belfeved t o  become 

s i g n i f i c a n t  occasionally due t o  t h e  temporary t rapping  of l a r g e  

Rumbers of ene:*geti.c pazaticles during t he  main phase of geomag- 

n e t i c  stomis, producing bhe sd-called '*riEg curzent" e f f e c t ;  even 

i n  th fs  case, however, the gas pressme pzaobably never exceeds 

the magnetic p- Y3ssu-le. 

One might be tempted t o  be l ieve  tha t  t he  only motions open 

t o  low energy charged p a r t i c l e s  i n  the  magnetosphere a r e  those 

which take place along f i e l d  l i n e s  s ince  the  magnetic f i e l d  i s  

r e l a t i v e l y  s t rong and apparently f i rmly  f ixed  i n  the  s o l i d  ea r th ,  
37 

However, as pointed out by Gold 

frozen" to magnetic l i n e s  of force  i s  rather misleading i n  t h i s  

i n s t ance  s ince  the  highly conducting e a r t h  i s  separated from the  

magnetospheric plasm above 100 km a l t i t u d e  by a shell  of non- 

the  notion of mater ia l  being 
19 

conducting atmosphere i n  which t h e r e  i s  na I 1  freezing" and l i n e s  

of fo rce  cannot be iden t i f i ed .  

spher ic  plasma I s  permitted provided the  plasma and magnetic f i e l d  

Consequently, motion of magneto- 



a r e  considered as frozen only down to E region l eve l s ,  and t h e  

magnetic f i e l d  remains continuous w i t h  the  f i e l d  i n  the  non- 

conducting atmosphere. The f a c t  that  the  magnetic f i e l d  i s  s t rong 

does not prevent iiiotion of the plasma but does impose a r e s t r a i n t ,  

i n  that  on12 those motions f o r  which the  energy change of t he  

magnetic Tield I s  compatible w i t h  what i s  ava i lab le  i n  the  form 

of gas energy a x  permitted. 

i n  which tubes of force  w i t h  enclosed plasma may be considered 

as permuting i n  such a way tha t  t h e  magnetic f i e l d  appears unal tered.  

Since the  magnetic f i e l d  i s  not  uniform such motions necessar i ly  

involve changes of volume of t he  tubes,  w i t h  corresponding energy 

changes i n  the  plasma they contain -- t h i s  appears t o  be an i m -  

por tant  energizat ion process f o r  t h e  magnetospheric mater ia l .  

These a r e  the  "interchange" motions 

These concepts can be readi ly  understood from the  e l ec t ro -  
38,39 

dynamic point of view . The appropr ia te  equations of mean 

motion f o r  low energy ions are  

MwI /Dt = e  (E + V I x  - B) - MK (V - V  ) (5) n I n  . .  
i -1 - 

) I "  

Mw,, /Dt = e  E - MK (V - V ), 
i " n \ \  l\n 

where M i s  the  mass of an individual  ion,  e i s  i t s  charge, K 
i n 

the l f r i c t i o n a l  frequency ( r e l a t ed  t o  the  co l l i son  frequency) 

of the  ions  w i t h  neu t ra l  pa r t i c l e s ,  - V the  mean ve loc i ty  of 
*n 

neu t ra l  p a r t i c l e s ,  V the  mean ve loc i ty  of the  ions,  E t he  e l e c t r i c  

f i e l d  and B the  magnetic induction, The subscr ip ts  1 and 11 

- - 
- 
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. 

refer to the directions perpendicular and parallel to the mag- 

netic field respectively. 

charged particles, partial pressure gradients, viscous effects, 

and gravity, although each of these may be important in restricted 

regions. A similar set of equations hold for electrons. On con- 

sidering the order of magnitude of the various terms it can be 

readily seen that provided the frequencfes of the mean motion 

are small compared with the gyro-frequency e B/M the "inertia" 

term on the left of equation (5) can be neglected. 

most of the magnetosphere (namely above, a b m k .  150 k m ,  altdtude) 

the frictional frequency for ions is ais0 small compared with the 

gyro-frequency, and this is true for electrons down to 80 km. 

altitude; thus for all particles above 150 km.the equation of 

motioR reduces to 

We have ignored collisions between 

i 
Throughout 

E + V  x B = O .  I (7 )  -i -A 

In the "dynamo" region between altitudes of 90-140 km.the fric- 

tional frequency for ions is large compared with the gyro-free., 

quency and equation (5) may be written approximately as 

while the electrons obey (7). 
accelerate in a quasi-steady electric field until collisions be- 

come significant and the inertia term on the left of (6) may be 

neglected; thus 

Along the field lines, particles 



e.E - M K  (v - V  ) = 0. (9 1 
i II n { I  11-n 

Since the frictional frequency is small throughout most of the 

magnetosphere, it is reasonable to reduce (9) further to E 

although small departures from this exact condition may have in- 

t eresting effects . 
N, 0, 

It 

As a consequence of (7) all constituents above about 150 km, 

altitude move approximately with mean velocity 

2 
V = E x - B / B .  

-L - 
I 

We describe this as the "motion" of lines of force with the plasma 

which identifies the lines being frozen t o  them, since the ap- 

plication of 

to (7) leads to a relation which is analogous to Kelvin's vor- 
ticity theorem in ordinary hydrodynamics. 

ditions - E is derivable from a potential such that 
In quasi-steady con- 

hence the lines of force and the streamlines of the motion must 

be equipotentials of the electric field. 

Below 150 km. altitude, the electrons can still be con- 

sidered as frozen t o  the lines of force down to 90 kmy and they 

therefore move perpendicular to E , according to (10). The heavy 
7- 
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ions however can d r i f t  only slowly r e l a t i v e  t o  t he  neu t r a l  gas 

i n  the  d i r ec t ion  of the  e l e c t r i c  f i e l d ,  as ind ica ted  by (8) .  

Thus there i s  2 Hall current perpendicular t o  the e l e c t r i c  f i e l d  

ca r r i ed  mainly by the  electrons,  and a much smaller d i r e c t  (Peder- 

s e n )  current  p a r a l l e l  t o  the e l e c t r i c  f i e l d  car r ied  mainly by 

the ions.  We can therefore  i n t e r p r e t  ionospheric current  systems 

a s  ind ica t ions  of t he  presence of l a r g e  sca l e  e l e c t r i c  f i e l d s  and 

these  i n  turn imply motions elsewhere i n  the  magnetosphere as 

given by (10). 

(V = 0 ) i t  wogld be possible  t o  i n t e r p r e t  the current  systems 

d i r e c t l y  i n  terms of motions of t he  " f ee t "  of l i n e s  of force  i n  

the magnetosphere s ince  the predominance of the Hall current  would 

r equ i r e  only the  reversa l  of t he  sense of t he  current  system t o  

g ive  the flow l i n e s .  However, when V 

when V 

f i c u l t  as the  motion of the neu t r a l  atmosphere a t  ionospheric 

l e v e l s  i s  not very well known. 

If  there  were no motion of the  neu t r a l  atmosphere 

- 
n 

= 0, and p a r t i c u l a r l y  - 
R 

and V a r e  comparable, t h i s  procedure may be very d i f -  - - 
rl 

I n  this discussion we have neglected the  e f f e c t s  of the  

movement of plasma on the  neut ra l  atmosphere. 

of neut ra l  gas i n  the  ionosphere i s  much l a r g e r  than that  of t h e  

ion ized  gas, given su f f i c i en t  time the  l a t t e r  can fo rce  the former 

i n t o  motion. 

w i t h  most periods of i n t e r e s t  here,  being about 20  minutes i n  F 

reg ion  of the  ionosphere and several  hours i n  the  E region. 

B. 

netosphere 

Although the  dens i ty  

I n  f a c t  the time required i s  not long i n  comparison 

Energization of Charged P a r t i c l e s  due t o  Motions i n  the  Mag- 

We have suggested above t h a t  changes i n  volume assoc ia ted  
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w i t h  magneGospheric motions i n  which tubes of magnetic f l u x  are 

permuted, cause changes i n  the energy of t h e  p a r t i c l e s  concerned. 

I n  f a c t  t h e  e2ergy changes take place i l z  such a manner that  t h e  

magnetic moment and ' longi tudina l '  ad i aba t i c  i nva r i an t  of t h e  

ind iv idua l  p a r t i c l e s  a r e  conserved. 

the magnetic f i e l d  which leads us t o  speak of "changes i n  volume" 

causir,g energy changes. Not surpr i s ing ly ,  i f  we consider t he  

motion of ind iv idua l  p a r t i c l e s  it i s  th i s  nonuniformity which 

causes the energy changes, since the  motion of t h e  p a r t i c l e s  i s  

given by 

It i s  the  nonuniformity of 

if we ignore e l e c t r i c  f i e l d s  p a r a l l e l  to t h e  magnetic f i e l d  l i n e s .  

v i s  the d r i f t  due t o  non-uniformity of t he  magnetic f ield-- 
d 

t h i s  i s  energy and charge dependent, and i t  i s  more or less i n  

t h e  longi tudina l  &rec t ion  i n  the  case of khe geomagnetic f i e l d .  

All p a r t i c l e s  take part f n  t h e  E x U B  motion and this i n  it- 

self does not produce any change i n  energy s ince  the  motion i s  

along equipoten t ia l s  of the e l e c t r i c  f i e l d .  However the  energy 

dependent d r i f t  v does fn general  cause the  p a r t i c l e s  Go move 

across  these  equipotent ia ls  and changes i n  energy occur accord- 

ing ly .  

- 

2 
- 

- 
d 

2 
Low energy p a r t i c l e s  f o l l o w  the E x Y B  mo%ion q u i t e  c losely,  - 

and the  longi tudina l  d r i f t  can be considered as  a per turba t ion  

of this motion. 

s i g n i f i c a n t  than t h e  e l e c t r i c  f i e l d  d r i f t  and hence the i r  motion 

For high energy p a r t i c l e s  the V d r i f t  i s  more 
-d 

may be  considered as  more o r  l e s s  longi tudina l  wi th  per turba t ions  
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due t o  the e l e c t r i c  f i e l d .  The t o t a l  e l e c t r i c  p o t e n t i a l  var- 

i a t i o n  associated w i t h  t he  e l e c t r i c  f i e l d  gives  us a measure of 

t he  maximum amount of energy which can be given t o  a p a r t i c l e  as 

a r e s u l t  of the magnetospheric motion--this i s  usua l ly  of the  

order  of t ens  of k i lovo l t s ,  and thus the maximum energy change 

f o r  any p a r t i c l e  due t o  t h i s  process i s  of the order  of tens  of 

kev. P a r t i c l e s  w i t h  energy greater than about 100 kev are there- 

f o r e  only moderately perturbed by the magnetospheric motion, but  

p a r t i c l e s  of energies of about 1 kev w i l l  tend t o  follow magneto- 

spher ic  motion q u i t e  closely., Further  discussion of these proe 
40 41. 

cesses  can be found i n  papers by Hines Dungey and Sonnerup 
42 

and La i rd  . 
The type of energy change w e  have descrfbed takes place 

revers ib ly ,  w i t h  the  energy of the p a r t i c l e  increasing as i t  i s  

ca r r i ed  t o  lower geomagnetic l a t i t u d e s ,  However i t  seems f a i r l y  

c e r t a i n  that i n  addi t ion,  i r r e v e r s i b l e  energy changes take p lace  

due t o  f luc tua t ions  i n  the electromagnetic environment of ,t;;he 

p a r t i c l e ,  and these  lead on the average t o  a general  increase 

of energy with t i m e .  Thus i n  considering the e f f e c t s  of mag- 

netospheric motions i t  should be r ea l i zed  that  although the moe 

t i o n  might i d e a l l y  cause 1 kev p a r t i c l e s  t o  be ca r r i ed  i n t o  the 

i n t e r i o r  of the magnetosphere and be energized t o  perhaps 20 kev 

i n  doing so, i r r e v e r s i b l e  processes can be expected t o  increase  

the energy t o  a much grea te r  l eve l  i f  s u f f i c i e n t  t i m e  i s  ava i l -  

able and the motion does not car ry  the p a r t i c l e  out t o o  soon. 

Consequently the ne t  effect  of such motions i s  i r r e v e r s i b l e  and 

leads t o  the  accumulation of energet ic  p a r t i c l e s  i n  the i n t e r i o r  



of the magnetosphere 

atmosphere. 

f they can escape p r e c i p i t a t i o n  i n t o  the 

C. Rotational Motfon of the  Msgnetosphere 

D u e  to viscous e f f ec t s ,  t h e  r o t a t i o n  of the earth i s  impressed 

upon the upper atmosphere. The e lec t rons  and ions  of the iono- 

sphere a l s o  take par t  i n  this motion and the e l e c t r i c  f i e l d  

generated i s  transmitted throughout the magnetosphere s ince,  as 

described above, t he  magnetic fSe ld  l i n e s  must be equipoten t ia l s  

i n  quasi-steady conditions.  The equipoten t ia l s  i n  the equator ia l  

plane of the magnetosphere corresponding t o  r o t a t i o n  are shown 

i n  f i g u r e  (9). It should b e  noted tha t  the low l a t i t u d e  donut 

co-rotates with the earth more o r  less  r ig id ly ,  while the high 

l a t i t u d e  f i e l d  lilzes which form the geomagnetj-c t a i l  "twiddle" 

around s o  that  the sense of r o t a t i o n  i n  the equatorial. plane i s  

reversedo 

* '  I 

The t o t a l  e l e c t r i c  po ten t ia l  v a r i a t i o n  between the equator 

and the poles  i s  88 k i lovo l t s  of which only about 10-15 k i l o v o l t s  

a re  associated with the geomagnetic t a i l  (depending on the  value 

of A ). 

comes very large i n  the  t a i l  as the outer  surface of the magneto- 

The gradient  of this e l e c t r i c  po ten t i a l ,  however, be- 
M 

sphere i s  approached. T h i s  can e a s i l y  be seen from the  following 

argument . The t i m e  taken t o  complete a c i r c u i t  of any stream- 
43 

l i n e  or equipotent ia l  i s  24 hours. Since the e l e c t r i c  f i e l d  and 

the  magnetic induction a r e  continuous i n  t h e  i n t e r i o r  of the 

maglzetosphere, f i e l d  l i n e s  w i t h  f ee t  a t  l a t i t u d e  h (which there- 

r o r e  l i e  exact ly  on the  surface dividing the  low l a t i t u d e  donut 

from the  geomagnetic t a i l )  take 24 hours t o  cover the port ion 

M 
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of the streamline which l i e s  in s ide  the  magnetosphere. The re- 

maining port ion which forms t h e  surface o f  the  magnetosphere should 

i d e a l l y  be completed a t  i n f i n i t e  speed, corresponding t o  a very 

l a r g e  e l e c t r i c  f i e l d  or potent ia l  gradient ,  al though d i s s i p a t i v e  

e f f e c t s  must prevent the s ingular i ty  f rom a c t u a l l y  occuring. 

D. Motions Corresponding t o  t he  Current Systems S and L. 
q 

It i s  believed that the  ionospheric e l e c t r i c  current  systems 

S 

s o l a r  and lunar  t i d a l  e f fec ts  respect ively;  the  lunar  t i d e  i s  

and L a r e  induced by motions of t h e  neu t r a l  atmosphere due t o  
q 

probably a g rav i t a t iona l  phenomenon but the s o l a r  t i d e  may be a 
39 . .  

consequence of atmospheric heating The S current  system i s  

s h a m  i n  f i g u r e  (10)  and the lunar-induced system i s  r a t h e r  s i m -  

i l a r  but much weaker . Diagrams of t h i s  type are deduced from 

q 

44 

the  magnetic va r i a t ions  assuming tha t  the cur ren ts  a r e  closed 

within the ionosphere and t h a t  curren ts  which flow along l i n e s  

of force  between conjugate points  can be neglected.  These as- 

sumptions are  inaccurate  but the general  p i c tu re  of the  cur- 
45  

r en t  system s o  found i s  probably reasonably cor rec t .  

The S system produces the most s ign i f i can t  motions that  
Y 

occur a t  low l a t i t u d e s  and as i t  i s  poss ib le  tha t  t he  motions of 

the  neu t r a l  atmosphere a r e  r e l a t i v e l y  weak a t  t h e s e - l a t i t u d e s ,  

the  magnetospheric motion may be der ivable  w i t h  reasonable ac-  

curacy from the  current  system. Thus w e  see tha t  there i s  motion 

i n  the  magnetosphere f r o m  east  t o  west a t  the  equator during the 

day wi th  a movement of the  f e e t  of l i n e s  of force  towards higher 

l a t i t u d e s  i n  the morning and l o w e r  l a t i t u d e s  i n  the evening. 



When combined with rotation, (see figure (lo)), it can be seen 

that a closed cell is fomed at the equator on the sunward side 

of the magnetosphere. 

the equator before noon is partly the cause of the currious di- 

urnal variations of the equatorial F region ionization . The 
It seems likely that the motion away from 

46 

lunar current system L is much weaker than S 

magnetospheric motions are accordingly little more than a per- 

turbation of the patterm sketched 4.n the slide; kaoNever the per- 

turbation does appear t o  be no t i ceab le  at times in that L influences 

and the corresponding 
q 

the intensity of sporadlc E ionization associated with the equa- 
47 

torial electrojet . 
E. Magnetospheric Motions Associated with Polar Current Systems 

The most intense magnetospheric currents at high latitudes 

are those forming the D system which appears during magnetic 

storms 

is given fr, figure (li), where f b  will be noticed that on reversing 

the amows the sense of moLl.an on 'she night side is in accord with 

44 S . A somewhat .fdealized sketch of the pattern of currents 

what is observed for ionization irregularities associated with 
48 

the aurora . The corresponding motion in the equatorial plane 
of the magnetosphere fs also sketched in figure (ll), where it can 

be seen that the plasma moves past the earth from roughly the anti- 

solar direction toward t he  sun. The total variation in the electric 

potential appears t o  be of the order of 20 kilovolts . 49 

There is some controversy concerning the origin of the D 
S 

current system. We will shortly consider the hypothesis that the 

motions and currents are driven by the solar wind. However, 
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50 
some authors  suggest a purely t i d a l  mechaniam 

tha t  t he  r ad ia t ion  be l t s  a r e  involved , There seems never- 

theless no doubt t h a t  t h i s  current  system with i t a  assoc ia ted  

and o thers  suggest 
51,57 

magnetospheric motions contains the  key t o  an understanding of 

the  phenomenon of the  aurora and probably t o  the o r i g i n  of much 

of the trapped rad ia t ion .  

Whatever the mechanism of the D current  system, it would 

b e  surpr i s ing  if there were not some ves t ige  of i t  even during 
S 

magnetically quiet  periods.  This  has recent ly  been found by 
52 D . 

Nagata and Kokubun who give i t  the symbol S and show tha t  

i t  has e s s e n t i a l l y  the same pa t te rn  as the D system ( f igure  (12).  

F. Conjugate Point Variations 

Q 
S 

Small differences of e l e c t r i c  po ten t i a l  between conjugate 

po in t s  i n  the  northern and southern hemispheres tend t o  be an- 

nul led by cur ren ts  flowing w i t h  l i t t l e  r e s i s t ance  along the l i n e s  

of force.  I f ,  however, the poten t ia l  d i f fe rence  i s  maintained 

by some process such a s  an atmospheric t i d e ,  the  current  i s  con- 

t inuous and i t  imparts a tw i s t  t o  the f i e l d  l i n e s  which i s  uni-  

form along t h e i r  length.  

small the grea t  length of geomagnetic f i e l d  l i n e s ,  a t  high l a t -  

i t udes  especial ly ,  can r e s u l t  i n  a considerable displacement of 

t h e  ends of t h e  f i e l d  l i n e s  f rom t h e i r  normal posi t ion.  Thus 

d iurna l  and seasonal var ia t ions  can be expected i n  the  apparent 

conjugate points  obtained by methods such a s  riometer techniques,  

s ince  much of the absorption observed depends on the  penetrat ion 

of energet ic  e lectrons i n t o  the atmosphere and these i n  turn  move 

along l i n e s  of force  i n  the  magnetosphere. 

- 
Even i f  the angle of the t w i s t  i s  qu i t e  



Information causing changes in the electrical potential on 

a magnetic line is propagated in the form of hydromagnetic waves. 

A transl-ent chsnge ir, t he  potential in the ionosphere at one end 

of t h e  f .Le?- .d  l ine  can therefore lead to the formation of a wave 

which m a y  >ravel back and forth along the field line a number 

of times -:!? dissipation a t  the ends is not t o o  great. Some low 

frequenc;I/ erxl.ssions can be expected to be produced in this way 

from ionospheric variations. 
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N. DISTURBANCE PHENOMENA I N  THE OUTER MAGNETOSPHERE. 

A. The Theory of Axford and Hines. 

38 
Axford and Hines have suggested that the basic processes 

underlying high latitude disturbance phenomena (including the , 

aurora) is the motion in the magnetosphere associated wiith the 

D current system. It is proposed that khis motion, which is 

sketched for the equatorial plane of the magnetosphere in figure 

(l3), is due to a viscous-like interaction between the solar wind 

S 

and the surface of the magnetosphere. This interaction produces 

an internal circulation in the interior of the magnetosphere 

rather similar to that occurring in a falling rain drop. 

that the dragging of lines of force around the surface of the 

Note 

magnetosphere cannot be very noticeable at ionospheric levels 

due to the fact that, ideally anyway, the surface field lines 

are connected to only one point in each hemisphere; hence only 

the internal part of the circulation is evident in the form of 

the D current system and, at quiet times, the S current sytem. 
P 

S 4 
There are obvious merits to the suggestion. In the first 

place, the circulation provides a simple and effective accele 

erating mechanism which can energize captive solar wind particles 

from about 1 kev up to 10 kev (corresponding to conservation 

of magnetic moment between fields of 50y at the magnetospheric 

surface and 500y at a distance of 4R ). Secondly, the polar 

current systems and the pattern of alignment of auroral arcs 

at high latitudes (figure (14)) are reproduced by the circula- 

e 

tion at ionospheric levels, giving us same undsrskanding of AA-LE! 
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nature  of t h e  current  systems and t h e i r  r e l a t i o n s h i p  to the motion 

of aurora l  i r r e g u l a r i t i e s .  Thirdly,  by combining t h e  c i r c u l a t i o n  

w i t h  t he  motiolz associated w i t h  the r o t a t i o n  of the ear th ,  i t  

i s  poss ib le  to predic t  q u a l i t a t i v e l y  much of t h e  morphology of 

many high l a t i t u d e  disturbance phenomena. F ina l ly ,  the  circu-  

l a t i o n  i n  combination with i r r e v e r s a b l e  acce le ra t ing  processes 

provides an 5.r-put mechanism f o r  t he  outer  zone of geomagnetically 

trapped radl.ation. 

In the  view of Axford and Hines a magnetic storm can be con- 

s idered  as consis t ing of the sudden commencement due t o  t h e  pas- 

sage of a shock wave heralding enhanced s o l a r  wind densi ty  and 

ve loc i ty ,  an i n i t i a l  phase due t o  t h e  increased solar wind pres-  

su re  and a main phase caused by t,he trapping and energizat ion 

t o  20 kev o r  so  of s o l a r  wind p a r t i c l e s  thus producing a "ring 

current" 
54 . The decay of the main phase takes  p lace  as the  solar  

wind r e tu rns  t o  normal aRd energe t ic  protons a r e  lost f rom the  

ring current  due to charge exchange with neu t r a l  hydrogen atoms 
54 

or perhaps to de-energization assoc ia ted  wi th  movement to out- 

l y ing  parts of t he  magnetosphere. 

We w i l l  not discuss  a l l  t h e  implicat ions of the theory here, 

as  these  are t o  a l a r g e  extent covered elsewhere (38, 39, 40, 

63, 69, 55). Instead, w e  will confine our a t t e n t i o n  t o  t h e  v i s -  

cous i n t e r a c t i o n  hypothesis i t s e l f  and t o  the morphology of d i s -  

turbance phenomena. However, i t  i s  pointed out i n  passing that  

a c i r c u l a t i o n  of t he  type we a r e  considering would cont r ibu te  

to the e f f e c t  observed by O'Brien , and o thers  , which impl ies  

that  the  high l a t i t u d e  boundary of the trapped e lec t rons  

30 24 
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(energies a40 kev)  occurs f u r t h e r  f rom t h e  pole  on t h e  midnight 

magnetic meridian than i t  does on the noon magnetic meridian, 

The c i r c u l a t i o n  i s  such that it c a r r i e s  a l l  trapped p a r t i c l e s  t o  

lower l a t i t u d e s , A o n  the  night s i d e  of the  e a r t h  and t o  higher 

l a t i t u d e s  on the  day side -- t h i s  would the re fo re  complement the 

mechanism of Reid  and Rees which r e l i e s  on t h e  e f f e c t  on t h e  

longi tudina l  ad iaba t i c  invar ian t  of st ronger  f i e l d s  a t  a given 

l a t i t u d e  on t h e  day s ide  of t h e  magnetosphere than on the  n ight  

s i d e  , 

56 

B. The Viscous In t e rac t ion  Hypothesis 
51,57 58,59 6 0 

Fe j e r  and others  have proposed a l t e r n a t i v e  

mechanisms t o  viscous in t e rac t ion  between t h e  so la r  wind and t h e  

magnetosphere as an explanation of t h e  D current  system and t h e  

assoc ia ted  ionospheric motions. 
S 

Whether or not such mechanisms 

cont r ibu te  t o  t he  c i rcu la t ion ,  viscous i n t e r a c t i o n  must i n  any 

case occur t o  some extent  

t ha t  i t  i s  strong enough-to produce e f f e c t s  which a r e  cons is ten t  

with observations. 

61 
and t h e  following argument suggests 

There a r e  two pr incipal  q u a n t i t i e s  assoc ia ted  with the var- 

i ous  phenomena under discussion. These a r e  t h e  t o t a l  e l e c t r i c a l  

p o t e n t i a l  v a r i a t i o n  (8) corresponding t o  t he  magnetospheric mo- 

such motions . The speed of au ro ra l  motions, t h e  s t r eng th  of 

the D current  system, t h e  pos i t i on  of the aurora l  zone, and t h e  
S 

energy of primary auroal  pa r t i c l e s ,  a l l  suggest that  8 i s  of t h e  

o rde r  of 20 k i l o v o l t s  during a t yp ica l  magnetic s;tom, 
- . A  

1 Y  
same conditions $ i s  a t  very most 1 0  ergs/sec according t o  e s t i -  
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mates of energy d i s s ipa t ion  due t o  aurora l  processes, joule  heat- 

ing of the atmosphere by the ionospheric currents ,  and s t ress -  of 

t h e  geomagnetic f i e l d  by t h e  accmula3ion of trapped p a r t i c l e s  

which a r e  l a t e r  lost. A s  might be expected, 9 i s  several  orders 

of magnitude l e s s  than the  so l a r  wir,d energy incident  per  second 

on the  magnetosphere. 

A s e r i e s  of simple arguments based on viscous boundary l a y e r  

theory adapted from ordina-y hydrodyiamics and using very reasonable 

values f o r  various relevant parameters9 shows t h a t  the  thicluress 

of the  boundary l aye r  associate6 with the  observed value of fb 
i s  typ ica l ly  500 km, the  kinematie v i sces i ty  assoc ia ted  w i t h  t h e  

13 2 
~ 

i n t e r a c t i o n  i s  -10 cm / s e c 9  the drag per  lmit surface area 
-1 0 2 

of the  magnetosphere about; 2 x 10 
d i s s ipa t ion  r a t e  about 10 ergs/sec. 

d-ynes/cm and the  energy 
1 9  

The f a c t  that  the viscous i n t e r a c t i o n  hypothesis shows that 

t h e  values of $ a n d g ,  deduced inaeperideritly from observed quan- 

t i t i e s  a r e  compatible, i s  i n  5tsel.f remar’lcable enough. I n  ad- 

d i t i o n  i t  can be shorn tha t  the  ac tua l  drag t o  be expected a t  the  

sur face  of the  magnetosphere, based on observed c h a r a c t e r i s t i c s  

of t he  solar wind, i s  consis tent  wi th  the  value estimated from 

the observed value of $o This drag i s  believed t o  be due t o  the  

highly turbulent  s t a t e  of the s o l a r  wind a f t e r  i t  has passed 

through the  standing shock on the  sunward s ide  of the magneto- 

sphere. The energy densi ty  assoc ia ted  w i t h  longi tudina l  (sound) 

waves i n  the  turbulence i s N l 0  . These sound waves -9 3 62 ergs/cm 

can penet ra te  t he  surface o f  the  magnetosphere and i f  t he re  i s  a 

r e l a t i v e  motion the  residual  rad ia t ion  s t r e s s  p a r a l l e l  t o  t he  
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surface causes a drag which a rough calculation suggests is of 
-1 0 2 

the order of 10 

value requl.red if &;lo kilovolts. 

dynes/cm -- that is, within a factor 2 of the 

In figure (13) we have shown the circulation within the mag- 

netosphere to be symmetrical about the sun-earth direction. 

In fact this is not completely correct since the surface of the 

magnetospheye bends to move quite rapidly due to the rotational 

effect descr5hed earlier. Any viscous-like interaction between 

the solar wl.nd m d  the surdface of the magnetosphere depends on 

the relakive velocity, and this is clearly affected by the So- 

tationally-lndmed motion in the magnetosphere as well as by the 

solar wind. The point of zero relative velocity on the surface 

of the magnetosphere is consequently well to the west of the sub- 

solar point, and the viscously-induced circulation is therefore 

likely to be roughly symmetrical about this direction, although 

it may be strorger on the afternoon side than on the morning side 

of the magnetosphere . T h i s  may be the explanation of the 
43 

tendency of the polar current systems and the sudden commencement 

currents at high latitudes t o  be symmetrical about a direction 
52,63164 

which lies 40"- 50'to the west of the sun . 
C. The Morphology of High Latitude Disturbance Phenomena. 

Relative to the earth, the magnetospheric circulation at 

ionospheric levels during periods of high magnetic activity, has 

essentially the pattern of the D current system, with of course 

the sense reversed from that of the current. As can be seen from 
S 

figures (11) and (14), this reproduces the observed motion of 
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i r reg i  l a r i t i e s  i n  the  aurora (to the  I e s t  before geomagnetic 

midnight and to t h e  eas t  a f t e r  geomagnetic midnight). 

more i f  t he re  %s any correspondence between the  d i r ec t ion  of the  

motion and the  alignment of auroral  a rcs ,  as the re  i s  i n  the  

auroral  zone, tile pa t t e rn  i s  consis tent  w i t h  t he  tendency of a r c s  

i n  the  polar  cays to be aligned roughly i n  the  sun - ea r th  d i -  

r e c t i o n  . 

Further- 

53 

The net  mo2;ion in the  magnetosphere at distances  g rea t e r  than 

about 4 R 

by superposi t ion of t he  motions due to r o t a t i o n  of t he  ea r th  and 

t h e  c i r cu la t ion  corresponding t o  the  D s  current  (which we have 

suggested i s  due t o  viscous drag of t he  solar  wind), s ince the  

S and L current  systems are weak a t  high l a t i t u d e s .  

pos i t i on  i s  ind ica ted  f o r  the equator ia l  plane of t he  magnetosphere 

i n  f igu re  (15). Note that  the  cen t r a l  s t reamline,  which l i e s  

more or l e s s  i n  the  sur1 - ear th  d i r ec t ion  i f  ro ta t ior ,  i s  not 

included, is def lec ted  f i r s t  to the  af ternoon s i d e  and then t o  

i n  the  equator ia l  plane, must be given approximately 
e 

T h i s  super- 
4 

t h e  morning s ide  as i t  passes the  ear th .  T h i s  i s  of some sigA 

ni f icance  s ince f i e l d  l i n e s  which have been dragged round the  

surface of the magnetosphere, must move through the  i n t e r i o r  more 

o r  l e s s  along this streamline. Thus a concentrat ion of p a r t i c l e s  

captured from the s o l a r  wind i s  t o  be expected here and we there-  

f o r e  suggest t h a t  i t  w i l l  be the  locus of g rea t e s t  a c t i v i t y  a t  

ionospheric l eve l s .  In  contrast  t he re  a r e  a reas ,  p a r t i c u l a r l y  

on the  afternoon s ide  of the magnetosphere, i n  which a c t i v i t y  

must be r e l a t i v e l y  low, because the  s t reamlines  never approach 

t h e  surface of the  magnetosphere where the  f i e l d  l i n e s  could 
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conceivably capture s o l a r  pa r t i c l e s .  

The corresponding ne t  motion a t  ionospheric l e v e l s  i n  t h e  

no r th  p o l a r  cap i s  sketched i n  f igure (16). It i s  not iceable  that  

t h e  c e n t r a l  streamline described above, makes a loop which runs 

from high l a t i t u d e s ,  first t o  t he  afternoon side, passing through 

t h e  magnetic midnight meridian a t  about au ro ra l  zone l a t i t u d e s ,  

and continuing along the  a u r o r a l  zone till the  l a t e  morning  when 

it moves no r th  once again. One expects g r e a t e s t  a c t i v i t y  along 

t h i s  loop,  i n  t he  sense t h a t  tha t  a t  any given l a t i t u d e  the  d i -  

u rna l  v a r i a t i o n  of a c t i v i t y  should show a m a x i m u m  wherever the 

loop i s  in te rsec ted .  The a c t i v i t y  should not be uniform along 

the loop, s ince  d i f f e r e n t  degrees of acce le ra t ion  of p a r t i c l e s  

(due t o  compression) a r e  involved according t o  t he  l a t i t u d e  con- 

cerned, and a l s o  the f u t h e r  p a r t i c l e s  progress a long  t h e  loop, 

t h e  more not iceable  the  e f f e c t s  of i r r e v e r s i b l e  acce le ra t ion  

become. 

p r e c i p i t a t e d  p a r t i c l e s  along t h e  loop, with energies  of  1-10 

kev occurring on the  first sec t ion  ( r e su l t i ng  i n  sporadic E 

r a t h e r  than absorpt ion) ,  and energies  of perhaps 100 kev occurring 

i n  t h e  morning hours ( resu l t ing  i n  r ad io  - wave absorpt ion a t  

D-region l e v e l s ) .  Regions of low a c t i v i t y  a r e  a l s o  predicted 

i n  the i n t e r i o r  of the  loop ,  and more especial ly  on t h e  evening 

side a t  geomagnetic l a t i t u d e s  o f  about 70'. 

Thus one expects a general  increase  o f  t h e  energy of 

This descr ip t ion  of the production of ionospheric dis turbances 

i s  r a t h e r  well confirmed by observation. The qu ie t  region on the 

evening s i d e  of t he  polar cap i s  q u i t e  conspicuous f o r  severa l  

phenomena -- we have f o r  example, only t o  consider the  t r a n s i t i o n  
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from qu ie t  t o  dis turbed aurora at about geomagnetic midnight 

( f igure (14 ) ) .  P lo t s  of t he  d iurna l  maxima of sporadic E ion i -  
65366 67 68 , geomgnetic ag i t a t ion  , spread F , r ad io  absorp- 

70971 72 
za t ion  

69 
t i o n  , rad io  aurora , and v i sua l  aurora  are shown i n  

f i g u r e  (17) -- these  show up i n  the  f i rs t  par t  of the loop of 

a c t i v i t y  q u i t e  c lear ly .  A study of au ro ra l  absorption by Ca- 

nadian workers i s  showri i n  f i g u r e  (18) -- an examination 

of the contours w i l l  reveal  the  f i rs t  part  of the loop as being 

r e l a t i v e l y  weak as fa r  as  absorption i s  concerned, and that the 

absorpt ion becomes extremely pronounced i n  the mid-morning hours, 

as one would expect s ince  i r r e v e r s i b l e  processes are required t o  

produce the necessary energetic e lec t rons  i n  s u f f i c i e n t  numbers. 

The qu ie t  region on the evening s ide  of the po la r  cap i s  very 

c l e a r l y  ind ica ted  i n  this p lo t .  

75/76 

If i r r e v e r i s b l e  accelerat ion of e lec t rons  does i n  j u s t  t ake  

p lace  as w e  have described, then i t  can b e  considered a f u r t h e r  

pred ic t ion  of the theory that; any assoc ia ted  VLF emissions should 

have a diurnal  maximum of occurrence a t  more or less the same 

I 

t i m e  as does the aurora l  absorption. I n  looking f o r  such a max- 

i m u m  however, the  screening effects of the absorption 

avoided, thus the emissions should be observed a t  somewhat lower 

mu's'e: be 

l a t i t u d e s  than the auroral  zone. 

observations of e l ec t ron  p rec ip i t a t ion  (as ca r r i ed  out by Injxn 

I (74) )  should a l s o  show a maximum i n  this region, ,and thabWie 

One would expect that  d i r e c t  

main input  of trapped electrons occurs a t  an equator ia l  distance 

of 4-6 R on the morning side of the  earth. 
e 
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1. Two dirnecsional f i l = w  of a pe r fec t ly  conducting f l u i d  

F a s t  a 12-e magnetic dipole  and a current  carrying 

T - i  flL- r>e Tn.<: ketal p x 3 ~ 7 1 x ( f l u i d  + magnetic) i s  con- 

bir-iloiis acmss $he boundary of t h e  c a v i t i e s .  The 

d i r e c f i o m  of t h e  f l u i d  flow and t h e  magnetic flaw 

a d i  t he  magnetio, field a r e  of nc s ign i f icance ,  

both being r’eversible. 

( a )  Eqiia5orial sect ion of t h e  magnetosphere looking 

from above t h e  north pole. The geomagnetic t a i l  

(shaded) completely envelopes the  low l a t i t u d e  

dorat  (unshaded). The downstream boundary of t h e  

t a i l  i s  doCvted to i nd ica t e  our uncer ta in ty  w i t h  

regard t o  i t s  extent. 

(b ) North-socith sect ion of t h e  magnetosphere. 

( e )  Elevation of the surface of  the magnetosphere 

showing the  su=.face f i e l d  l i n e s  running between the 

ne.oltral points  (Nn, Ns). Flow l i n e s  of t h e  eas t -  

wards surface current a r e  indicated by t h e  dashed 

l i r ,es .  

2 *  

3. Features of  the Chapman-Ferraro model of t he  magnetos- 

pherJe corresponding to the  f ea tu res  sketched i n  f i g u r e  

( 2 ) .  The surface elevat ion ( c )  i s  shown a s  i t  would 

appear ZcJoking IC the  sm-earth d i rec t ion .  

3 .  Counting r a t e  of GM c o m t e r s  car r ied  abroad Pioneers I11 

ar-2 m (afte- ‘Jan -&llen’G; 1. 
5. Magnetometer record from Pioneer I (a f te r  Sonet t ,  

Smith ar_d sims25). 



60 

7. 

8.  

90 

10. 

11, 

Details of t h e  t r a n s i t i o n  occurr ing  a t  t h e  s u r f a c e  

of t h e  magnetosphere a s  observed by E x p l o r e r  X I 1  

(afte=. Freeman, Van Al len  an3 ~ a k ~ l 1 . 2 8  >. 
Summary of observed GrnrL.1 d l r e c k i o n a l  i n t e n s i t i e s  of 

e l e c f r o n s  (er_ergieu g r e a t e r  t han  40 kev ) obta ined  

f r m  E x p l o r s s  Y J I  and XIV ( a f t e r  Frank, Van Al len  

a3d Macagno'g). 

Approximate a l t i t u d e  d i s t r i b x k i o n  of t h e  charged 

p a r t i c l e  concent ra t ion  i n  a per iod  o f  n e a r l y  

maximwr, s o l a r  a c t i v i t y  ( a f t e r  G r i n g a u ~ 3 ~  ). 

Eqi .a tor ia l  sec$ior, af  t h e  magnetosphere looking from 

above t h e  n o r t h  F o l e  and showing t h e  s t r eaml ines  of 

the mokion due t o  r o t a t i o n  of the e a r t h  

a l t e r n a t i v e l y ,  the e q u i p o t e n t i a l s  of t h e  correspond- 

ir,g e l e c 5 r i c  f i e l d ) ,  The geomagnetic t a i l  i s  shaded 

a s  in f i g u r e  ( 2 ) .  

Ske5cches of  the Sq currer_t system i n  t h e  l a t i t u d e  

(or 

range O-90"N0 

appro-ximately the sense  of motion of t h e  f e e t  of 

l i n e s  of f c r c e  i n  t h e  ionosphere.  This motion i s  

combir,ed wi th  the motion due to t h e  r o t a t i o n  of t h e  

earth t o  g i v e  t h e  n e t  motion sho-m i n  t h e  l a t i t u d e  

range O-9CoS.  

a t  low l a t i t u d e s  during the  day. 

( a )  An i d e a l i z e d  ske tch  of t h e  ionospher ic  rnotior_ 

corzesporidirig to Ila cxrrent system i n  the n o r t h  

p o l a r  cap above gecmagnetic i a t i t u d e  

The + aEd - signs indfca5e  t h e  p o l a r i z a t i o n  charges 

On r e v i s i n g  t h e  arrows one o b t a i n s  

Note the c losed  c e l l  which i s  formed 

60". 



associated with the electric field. 

(b) Motion in the equatorial plane of the magneto- 

sphere corresponding to ionospheric motion in (a), 

The quiet-day current pattern Sqp for the south 

polar cap (after Nagata and K~kubun~~). 

between adjacent lines is 2 x l C 4  amp. 

12. 

The current 

13. The proposed circulatory motion in the equatorial 

plane of the magnetosphere looking from above the 

north pole. The points A and B and the polariza- 

tion charges correspond to those in figure (lla). 

The hatched area indicates the regions in which field 

lines near the surface of the magnetosphere are 

dragged along by the solar wind on the exterior. 

Motion of auroral irregularities (after Davis53). 

Above geomagnetic latitude 80°, auroral arcs tend to 

be aligned in the sun-earth direction, as indicated. 

The wavy lines in the post midnight region at lower 

latitudes are intended to represent the effects of 

break-up. The arrows indicate the sense of motion 

of irregularities. 

1 4 ,  

15. The net motion in the equatorial plane of the magnet- 

osphere obtained by superposition of the motion 

due to rotation (figure (9)) and viscous interaction 

with the solar wind (figure (13)). Field lines in 

the areas denoted Q1 and Q2 do not at any stage move 

very close to the surface of the magnetosphere. 



The hatchifig ir, t h e  a r e a  s ~ r r o u n d i n g  t h e  c e n t r a l  

s t r eaml ine  i s  intended t o  i n d i c a t e  t h e  degree of  

ene rg iza t ion  of p a r t i c l e s ,  rzaxirrlanl e n e r g i z a t i o n  

correspcnading t o  the c l o s e  hatching i n  the morning 

hours 

16.  The p a t t e r n  i n  the n o r t h  p c l a r  cap corresponding t o  

t h a t  shown ir, the i n t e r i o r .  of t h e  magnetosphere i n  

f i g u r e  j16j0 

Locat ion of diurnal maxima of  var ious  ionospher ic  

d i s tu rbance  phenorr!ena I namely  geomagnetic 

a g i t a t i o n  ( I ) ,  aurora ( X I J  sporadic  E (111), 

spread F ( o  ) .  arid r a d i o  abso rp t ion  ( x ) .  

Contour diagram. shewing t h e  percentage occurrence 

i n  t ime of  aurora: a b s c r p t i o n  of  1 db or more as 

a f u n c t i o n  of geomagnetic l a t i t u d e  and mean geo- 

17. 

18. 

magnetic t i m e  (after Hartz ,  Mor,t,briand and Vogani-'). I '7 , 
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